Spontaneous mutations are not randomly distributed throughout a genome. Although mutation hotspots are found on genomes of a variety of species, mechanisms that generate the hotspots are not well understood. In eukaryotes, strong association between a regional nucleotide substitution rate and insertions/deletions (indels) was reported in a previous study, and the ''indel-induced mutation'' hypothesis was proposed. However, it is unknown whether the association exists even in prokaryote genomes. In this study, we conducted a systematic survey for the association in 262 complete genomes from 73 bacterial species. In these bacteria, the level of nucleotide diversity was negatively correlated with the distance from the closest indel, which is consistent with the eukaryote data. The same pattern was observed even after excluding noncoding sequences, indicating that the difference in functional constraints among genomic regions is not a primary cause of the correlation. In addition, the increase of nucleotide substitution rate was detected disproportionally on a lineage carrying a derived indel mutation, confirming the indel-nucleotide diversity association in the bacterial genomes. In some cases, the level of nucleotide diversity was more than 100 times higher in regions close to indels than in distant regions. Although further understanding of the molecular mechanism is required to test the hypothesis, these results suggest that the same mechanism for the indel-nucleotide diversity associations might exist in eukaryotes and prokaryotes and play an important role in molecular evolution.
Introduction
Spontaneous mutations are the primary raw material of molecular evolution (de Visser 2002) . Although rates of spontaneous mutation are known to vary within and between organisms, the underlying mechanism leading to this variation is not well understood (Drake 1991; Duret 2009; Hodgkinson et al. 2009 ). Most mutations in coding regions are likely deleterious, and spontaneous mutations are suppressed to a very low rate in general (Drake 1991) . Nonetheless, evolutionary theory predicts that high mutation rates can evolve under certain circumstances (Taddei et al. 1997) . Under stressful conditions, for example, higher mutation rates can be preferred. The SOS response, the general stress response, the heat-shock response, and the stringent response are known to increase mutation rates in bacteria (Foster 2005) . Thus, the individuals with high mutation rates can have a selective advantage in changing environments (Sniegowski et al. 1997; Foster 2004) . Tian et al. (2008) found that the level of single nucleotide diversity is substantially high around insertions and deletions (indels) in eukaryotic genomes, including yeast, rice, and human genomes. The association between indels and the nucleotide diversity around indels was clearly and monotonically decreased as the distance increases between them in these species (Tian et al. 2008) . The size and abundance of indels affected the level of local nucleotide diversity, and the accumulation of mutations was lineage specific (i.e., nucleotide substitutions were accumulated specifically on the lineages on which indel mutations had been derived). These findings led them to the ''indel-induced mutation'' hypothesis, in which the presence of indel is assumed to induce a high mutation rate around the indel polymorphism (Tian et al. 2008) .
Although the associations between indels and the nearby nucleotide diversity were observed in a variety of eukaryote species, applicability of the indel-induced mutation hypothesis to prokaryote species is uncertain. Mutations are known to occur when damaged DNA fails to be repaired (Foster 2004) . In eukaryotes, a most plausible molecular mechanism for the indel-nucleotide diversity associations is that an indel polymorphism in a heterozygote state induces replication errors on the surrounding nucleotides during meiosis (Tian et al. 2008) . However, because prokaryotes are haploid and reproduce mitotically, this mutation mechanism might not affect molecular evolution of prokaryotic genomes. On the other hand, high rates of detectable recombination between allelic genes in bacteria (Feil et al. 2001; Jiggins 2002) imply that the indel alleles can often be heterozygous in the merozygote state in bacteria. Merozygote is a state of a cell that temporally contains more than the haploid number of genome in a part of the chromosomes, between which recombination can occur (Bresler et al. 1967) . Therefore, the associations between indels and the nucleotide diversity nearby might be also observed in prokaryotes. To date, however, there is no systematic study addressing this phenomenon in prokaryotic genomes. In this study, we examine these associations in 262 genomes from a wide range of bacterial species. We provide the first evidence for this association in bacterial genomes.
strains is less than 20%; 3) total length of the alignment between sequences from two strains is more than 1 Mb. The above criteria were chosen in order to minimize alignment errors. The sequences among these genomes were aligned using BlastZ (Schwartz et al. 2003) , with E 150 H 2000 K 4500 L 2200 O 600 T 2 Y 15000 and a scoring matrix of (AA: 90, AC: À330, AG: À236, AT: À356, CC: 100, CG: À318, CT: À236, GG: 100, GT: À330, and TT: 90). Coding sequences of 86 genomes in 18 bacterial species were analyzed based on the annotations from GenBank (supplementary table S3, Supplementary Material online).
Analysis of Nucleotide Diversity
We used the same methods for analyses of the nucleotide diversity around indels as previously described (Tian et al. 2008) . Briefly, each of the sequence alignments was dissected into small, nonoverlapping windows, each having a specific distance to the nearest indel (d 1 ). An indel interval (d 2 ) is defined as a sequence length between two indels, which reflects the reciprocal of indel density (supplementary fig. S1 , Supplementary Material online).
The windows in an interval are designated and ordered as L0 (the first 50 bp or 50-100 when d 2 5 100-199 bp), L1 (100 bp),. . .,Ln (and/or Rn, 100-199 bp),. . .,R1 (100 bp) and R0 (the last 50 bp), respectively (supplementary fig. S1 , Supplementary Material online). An interval of 11-99 bp is assigned to W0# (intervals shorter than 11 bp are excluded from analysis). By definition, L1 or R1 is 100 bp closer than L2 or R2 to an indel, respectively, and Ln (and/or Rn) is located at the center of an interval. The total interval length of the contiguous, indel-free window is equal to L1 þ . . . þ Ln þ Rn þ . . . þ R1, in which n varies among intervals. The nucleotide divergence for each window is estimated using the Jukes-Cantor method (Jukes and Cantor 1969) .
To determine how flanking sequence influences the interval, we defined the upstream windows before L0 as L-flank and the downstream after R0 as R-flank windows. Then, we calculated the average D for every specific window or interval.
Three-Lineage Comparisons
In order to infer the ancestral indel state, we applied the three-lineage method that was used for tests in eukaryotic genomes in the previous study (Tian et al. 2008) to the bacteria genomes. We used a sequence from a closely related species as an outgroup (when there was no closely related species available, the most divergent lineage within species was used). The reference sequence from an outgroup allowed us to infer the lineage in which the indel event occurred. Following the same logic, we determined the number of nucleotide substitutions at fixed intervals from the indel in the lineage on which the indel event occurred (D indel for divergence) and those without the indel event (D no-indel ). High-quality multi-sequence alignments were obtained using BlastZ (to find orthologous sequences) and ClustalW (to align them, see Tian et al. 2008 for details) . To assure a conservative estimate, indels were excluded if the interval was ,100 bp. We also excluded regions in which there are more than one indels among three sequences under comparisons. In the absence of any association between an indel and the nucleotide substitution rate, the expected numbers of mutations on the indel and nonindel branches are the same. If mutation rates are associated with indels, on the other hand, we expect
We selected 127 genomes from 25 species for the three-lineage test, based on the criteria that the nucleotide diversity between two comparing sequences (D g ) is .0.005 and less than the average divergence between the reference and comparing sequences (D r ).
Estimation of the Indel-Associated Increase in the Nucleotide Substitution Rate Assume that two lineages, AX and BX, separated from their common ancestor (X) at time t ( fig. 1 ) and that an indel occurred on BX at time [AX] . The nucleotide substitution rate in a heterozygote for the indel (l indel ) can be represented as l indel 5 al 0 , where l 0 is the basal substitution rate in the species and a is a parameter reflecting potential influence of the indel on the substitution rate in surrounding sequences (a 5 1 if there is no influence). We have
Thus,
Assume a uniform distribution of indel mutations through time. E½t indel 5
Therefore, an estimate of aðâÞ is obtained bŷ
Note thatâ is calculated without taking into account the proportion of merozygote state in t indel ,â gives a conservative estimate for the increase in substitution rate due to indel polymorphism in merozygote.
Results

Nucleotide Diversity around Indels
For the analyses of genomewide association between indels and nucleotide diversity around indels, we selected 262 bacterial genomes from 73 species based on our criteria (Materials and Methods; supplementary table S1, Supplementary Material online). Of possible 571 pairwise comparisons within species, 67 were excluded because the genomic sequences were too divergent (D . 0.2) or the alignment was too short (,1 Mb). In the remaining 504 comparisons (supplementary table S1, Supplementary Material online), the alignments ranged from 1.03 to 6.88 Mb (2.63 Mb on average and 1,330 Mb in total). Overall nucleotide diversity between genomes (D g ) ranged from 0.00002 to 0.166 (0.022 on average) and the number of indels per kb ranged from 0.006 to 18.6 (1.16 indels/kb on average).
To examine the distribution of nucleotide substitutions around indels, we calculated the nucleotide diversity for every window with a certain distance from indels ( 
Correlation between Nucleotide Diversity and Indel Density
To investigate the relationship between the nucleotide diversity and indel density/scarcity, we calculated D in the different length intervals for each genomic comparison. In all 504 comparisons, nucleotide divergence was negatively correlated to the indel interval (d 2 ) and hence positively correlated to the indel density ( fig. 2B ).
To further understand the effect of indels on the nearby nucleotide diversity, we analyzed the relationship between average nucleotide diversity and the distance to indels, with respect to each indel interval. For a larger sample size for each window, we combined all comparisons in each group into one data set. In group 4, for example, the level of nucleotide diversity was higher for the shorter distances to the nearest indel with all ranges of the indel interval ( fig. 3 ). Thus, d 1 had a strong effect on D regardless of indel density. The effects of d 1 and d 2 on nucleotide diversity were additive as the highest diversities were observed for sequences Bacterial groups were categorized by five groups depending on the levels of overall nucleotide diversity between the comparing genomes (D g ). The total number of genome comparisons in each group is shown in square bracket; Freq. (%) represents the percentage of the length of nucleotide sequences in the specific window.
a Average distance of the windows from indels that are included in the farthest 5% is 623.9 for group 1, 165.9 for group 2, 118.6 for group 3, 79.4 for group 4, and figure S1 , Supplementary Material online. Each dot represents .1,000 samples. All the 122 individual comparisons in group 1 showed a similar negative correlation between average nucleotide divergence and the distance to indels (d 1 ). However, the number of samples for each window in these comparisons is not big enough to give a better visual view, due to their low divergence. We combined all these data to show the negative correlation in the top of this figure.
that were both close to an indel (low d 1 ) and within a short interval (low d 2 , fig. 3 ). The consistent results were also obtained in the other groups (data not shown). These results are largely consistent with the association between indels and surrounding nucleotide diversity in eukaryotic genomes (Tian et al. 2008 ).
Effects of Coding Indels, Indel Size, and Linked Indels A possible cause of the indel-centered distribution of nucleotide substitutions is heterogeneity in functional (and selective) constraint among genomic regions in bacteria. In bacteria, over 80% of the genome comprises coding regions (Moran 2002) , which are often separated by short noncoding regions. Because majority of mutations in the coding regions are most likely deleterious, whereas mutations in noncoding regions may/may not be deleterious depending on their functional constraints as regulatory elements, mutations (both indels and single nucleotide substitutions) might be disproportionally located in noncoding regions as a consequence of natural selection. Therefore, the heterogeneity in functional constraint is a possible cause of the association between indels and their surrounding nucleotide diversity at the genomic level.
To evaluate this possibility, we examined the association of nucleotide diversity with indels excluding noncoding sequences. The coding and noncoding sequences are well annotated in Escherichia coli strain K12. Based on this annotation, we compared the distribution of D between strains K12 and CFT073 by d 1 in coding windows (excluding the windows with both coding and noncoding sequences). The distribution of D in coding sequences (supplementary fig.  S3B , Supplementary Material online) was similar to D in the whole-genome sequence (supplementary fig. S3A , Supplementary Material online), indicating that the difference in functional constraint between coding and noncoding sequences alone cannot explain the association between indels and the nucleotide diversity around them.
To further examine the association, we analyzed the distribution of D around different sizes of indels, and in regions with different distances to an indel ( fig. 4) . We use group 4 as an example here. The level of nucleotide diversity around indels was affected by indel size (fig. 4A ). The level of nucleotide diversity was also significantly correlated with the distance to linked indels around the region (P , 0.01 by t-test; fig. 4B ). In eukaryotes, indel size and D around indels were positively correlated (Tian et al. 2008 ). In the bacteria, however, the D value was largest around 6-10-bp indels and was similar for indels with the sizes of 1-5 and 11-300 bp ( fig. 4A) .
The effect of linked indels was further analyzed from both sides of the same interval. By definition, every interval has a right-and left-side flanking sequence. In these flanking regions, we categorized the distance to linked indels as .600 or 600 bp flanking sequences for convenience ( fig. 4C ). Each interval could have a linked indel in the left flanking region or the right flanking region. When the same category was found on both sides of the interval, D was symmetrically distributed (fig. 4C , green and black lines). In contrast, when these categories differ between the two sides, an asymmetrical distribution of D was observed ( fig. 4C see the crosses between red and blue lines at the interval center, where the D value at R0 is not equal to that at L0). The asymmetric pattern of D in the same interval confirmed the additive effect of linked indels on the level of substitutions.
We also compared the variation in D around indels that are 3Â bp long (e.g., 3, 6, 9 bp long, and so on) with those that are non-3Â ( fig. 4D ). D was larger around the 3Â bplong indels than the others (P , 0.01 at window 0). The patterns shown for group 4 in figure 4 were also observed in the other groups (data not shown).
Nucleotide Substitutions in Indel-and Nonindel Lineages
Three-lineage comparisons provide a further support for the indel-associated mutations in bacterial genomes. In these comparisons, we used the third genome as a reference for a putatively ancient status of the indel and compared the nucleotide substitution rate on a lineage with the ancestral indel allele to that with the derived allele ( fig. 1) . In this comparison, any regional difference, including the difference in functional constraint, should be canceled out (unless, of course, the functional constraint on the same genetic region differs between strains). Because references from different species were too divergent, we used the most divergent lineage within a species as a reference. The nucleotide diversity on a lineage with a derived indel (D indel ) was consistently larger than that with an ancestral allele (D no-indel ) in all comparisons from 26 species (table 2) . On average, the ratio of D indel /D no-indel was 2.72 at window 0, 1.64 at window 1, and 1.32 at windows 2-5. D indel was negatively correlated with d 1 in all comparisons ( fig. 5A,  supplementary fig. S4, Supplementary Material online) . In contrast, the correlation was weak for D no-indel , and D indel was significantly larger than D no-indel (when d 1 5 0-5, P , 0.001 by paired t-test). Again, these results were consistent with the previous study in eukaryotes (Tian et al. 2008 ) and suggest that the increase of nucleotide substitution rates around indels is largely due to the increase in D indel .
To ensure that the most divergent reference provided a conservative estimate of the ratio D indel /D no-indel , we analyzed the correlation between this ratio and D r À D g . The ratio and the difference were negatively correlated ( fig. 5B ), indicating that the most divergent reference provided a conservative estimate. D r À D g was greater than 5% in 19 comparisons from 6 species (table 2). Although they are classified as a single species, this level of divergence is larger than what was found between eukaryote species (Tian et al. 2008) , and these references should be technically equivalent to a closely related outgroup.
Estimated Increase of Nucleotide Substitution Near Indels
By comparing the nucleotide substitution rate close to indels with the background substitution rate, we estimated the effect of indels on the nucleotide substitution rate nearby. We calculated the ratio of D in window 0 (reflecting the nucleotide substitution rate near indels) to D in the farthest 5% of windows (reflecting a background substitution rate) (table 1). The estimated increases in nucleotide substitution rates were 121, 7.4, 6.0, 3.4, and 2.9 times for groups 1-5, respectively. If we assume that the windows with d 1 . 20 represent the background substitution rate, the estimated increase was around 10-fold for the first two groups (24.1 in group 1 and 6.2 in group 2). Although the rates varied, they are close to the range that was estimated for eukaryotic genomes in the previous study (Tian et al. 2008) .
a provides an additional estimate of the increase in substitution rate due to indels nearby (Materials and Methods). Based on the three-lineage comparisons,â ranged from 4.43 (D g . 0.005) to 15.2 (D g , 0.005) at window 0. One caveat, however, is thatâ could be biased when we choose the outgroup within species because the phylogenetic relationship among the strains in the same species can be different from a genealogical relationship (due to recombination between alleles). For example, if an outgroup is randomly chosen regardless of the genealogy of regions containing the focal indel, the outgroup would be naturally similar to a lineage that shares the indel allele simply because they shared the common genealogy until recently. To minimize such a bias, we also estimated a values for the lineages in which the reference sequence is clearly divergent (D r À D g . 0.05). In this case, we applied a model for a different species as a reference lineage (Tian et al. 2008 R4 R3 R2 R1  L1  R0  L0  L2 L3 L4 L5  R5 R4 R3 R2 R1  L1  R0  L0  L2 L3 L4 L5   R5 R4 R3 R2 R1  L1  R0  L0  L2 L3 L4 L5  1  2 D indel /D no-indel ratios at window 0 were 1.58 when the frequency of the derived indel allele was equal or less than 1/3 and 1.31 when the frequency was .1/3. Based on the formula used in eukaryote (Tian et al. 2008) ,â ranged from 4.15 to 19.7.
Discussion
Mechanism for the Indel-Nucleotide Diversity Association in Bacteria
The 504 bacterial genome comparisons revealed that the levels of the nucleotide diversity are negatively correlated with the distance from an indel, and that nucleotide substitution rates are significantly higher in lineages with indel events than in lineages without derived indels. Additionally, the size and the abundance of indels nearby affected the level of regional nucleotide diversity. These results were largely consistent with the previous results from eukaryotes (Tian et al. 2008 ). As shown above, heterogeneity in functional constraints among genomic regions, or an artifact due to mismatch alignments, is not likely the cause of the observed associations in bacteria, leaving the indel-induced mutation hypothesis as a most plausible explanation. At this point, however, we cannot exclude other possibilities such as that the higher levels of local nucleotide diversity tend to cause indels nearby. According to our results, however, this hypothesis is only feasible when the high local nucleotide diversity selectively induces certain size of the indels ( fig. 4A ) and when derived mutations accumulate only in one lineage and induce new indels ( fig. 5 ). Regional sequence exchange between highly divergent alleles via double crossing-over or gene conversion, by which a set of indels and multiple substitutions are derived in one lineage but not in the other, might be a more realistic alternative explanation for the observed associations. Regardless, the present study revealed that the strong associations between indels and nucleotide diversity nearby in bacterial genomes, suggesting that a common mechanism for these associations might exist both in eukaryotes and in prokaryotes. Further studies on the molecular mechanism of the associations will provide a profound understanding of this phenomenon and an opportunity to test these hypotheses.
One of the potential mechanisms is the error-prone recombination or replication, which might be enhanced by indel polymorphism nearby. Tian et al. (2008) discussed that when the indel alleles are heterozygous, the DNA replication error in the surrounding nucleotide sequences might increase. In this scenario, however, an indel needs to be heterozygous, during which point mutations occur. Bacteria species are haploid. The only time for the heterozygote state in bacteria would be the merozygote stage, when the recipient cell becomes temporarily diploid for a portion of the genome following conjugation (Bresler et al. 1967) . If this is the mechanism for the observed associations, therefore, the increase in mutation rate due to indels nearby must have occurred in a limited time in the merozygote phase in bacteria, and the increase rate of mutation per certain period is higher than we estimated.
Several molecular mechanisms have been identified to increase the mutation rate in bacterium. For example, ''general mutators'' constitutively increase mutation rates throughout the genome through defective DNA proofreading and repair functions (de Visser 2002) . Also, ''transient mutators'' increase mutation rates as a response to environmental stresses (de Visser 2002) . Bacterial stress responses alter the regulation of error-prone polymerases to increase mutation rates (Foster 2005) . The molecular mechanism increasing the mutation rate for ''mutators'' is clearer than the mechanism for indel-associated mutagenesis. There is a possibility that during the merozygote stage, more DNA breakages in replication or more errors in proofreading and mismatch repair occur around indels. Notably, in bacteria, the recombination-associated genes, recA, recBCD, ruvAB, and ruvC required for double-strand break repair, are also required for adaptive mutation (Foster 2004 ).
Cost and Benefit of Higher Mutation Rates
Although most of new mutations in coding sequences are deleterious, a high mutation rate can be sometimes beneficial because it provides a raw material of genetic adaptation (Giraud et al. 2001) . Under stressful conditions, for instance, an increase in genetic variation might be selectively advantageous (Foster 2005) . However, this benefit usually disappears once the bacteria become adapted (Giraud et al. 2001) . Still, because most mutations are detrimental, bacteria have evolved mechanisms to keep their mutation rates low (Drake 1991; Foster 2005) , and the low frequency of mutator bacteria in natural populations could be a consequence of the short-term advantage and long-term disadvantage of higher mutation rates (Giraud et al. 2001) . A transient increase in mutation rate would be particularly advantageous because the survivors would not be burdened with a constant high mutation rate (Foster 2005) .
Nevertheless, adaptive mutations from either ''general'' or ''transient'' mutators arose by an increase of nucleotide mutation rates throughout the whole genome (de Visser 2002) . In contrast, the ''local mutators'' occur selectively in regions that can tolerate a higher mutation rate. These mutators can still generate adaptive mutations like genomewide mutators, but they avoid the more deleterious mutations in conserved regions. Although the indelassociated mutagenesis itself does not require any adaptive significance, the indel-associated mutagenesis could be this kind of ''mutator'' that selectively targets indel-dense regions. Under this scenario, indels must be selectively distributed in regions that tolerate both indels and nucleotide substitutions. For example, in a gene (or region) where a high mutation rate is harmful, purifying selection might efficiently remove indels, whereas in another gene (or region), which can tolerate higher mutation rate, might accumulate more indels. As a result, a conserved region with low mutation rate can maintain a stable inheritance, whereas a less conserved region can evolve more quickly. Indeed, we observed that only 22.7% of indels are found in coding sequences between E. coli strains K12 and CFT073 (Tian et al. 2008 ). This result is expected because indels can disrupt the reading frame in the coding sequence.
Indel-Associated Increase in Nucleotide Substitution Rates
In this study, we showed that the relative rates of indelassociated nucleotide substitutions were 10-to 100-fold higher than the basal substitution rates. A similar increase (10-to 1,000-fold) was observed in the bacterial mutator strains (Vetsigian and Goldenfeld 2005) . The range of the relative increase of mutation rates indicates that it is necessary to examine all the factors underlying the mutationrate estimates. The strongest effect on the estimates comes from the level of nucleotide diversity between the compared genomes. The best estimate likely comes from the least divergent group for the following reasons: First, these genomes have accumulated fewer additional spontaneous mutations. Second, these genomes would have fewer recurrent mutations. Therefore, the least divergent comparison could detect the relative rate more precisely. Besides using the least divergent comparison, the best estimate should be taken at a certain stage of divergence using indels with a certain population frequency.
Based on the neutral model of molecular evolution, indels at low frequencies should be on average younger than those at high frequencies (Li 1997) . All new indels would be heterozygous during the merozygote stage. When the derived indel is rare, strains with the ancestral allele are most likely homozygotes. Under the indel-mutagenesis hypothesis, the indel-induced mutations occur equally in lineages with and without an insertion in a heterozygote. Therefore, when the indel frequency is low, D indel should be larger than D no-indel , and the total D (5 D indel þ D no-indel ) should be lower than D from higher frequency (older) indels.
Due to population structure, intraspecific lineage history and nonrandom sampling of genomes for sequencing, the population frequency of an indel cannot be estimated from its representation among the available genome sequences for a given species. Nevertheless, we propose that the effect of these factors may be of a similar magnitude in species for which the sampled genomes are similarly divergent. Based on this assumption, we have chosen three species (Burkholderia pseudomallei, Staphylococcus aureus, and Salmonella enterica) that were equally divergent in some alignments and have taken the frequency of an indel among the sequenced genomes of these species as a proxy of the indel population frequency. From 1.79 Mb of equally divergent alignments (D g 5 0.0073 and D r 5 0.03), the rate D indel /D no-indel was calculated as 2.09 for indel frequencies of 1/3 and 1.42 for indel frequencies of .1/3 at window 0 (1.07 and 1.04 at windows 1-5). Thus, a higher rate is present around indels with lower frequencies, as predicted.
The 3Â bp-long indels could have a better chance to stay in coding sequences for longer periods because they do not cause frameshifts. Under the indel-associated mutagenesis hypothesis, the indels could accumulate more mutations nearby. Indeed, a higher D was observed around such indels ( fig. 4D ). This result is also consistent with a larger D for 6-to 10-bp indels, because they contain higher proportions of the 3Â bp-long indels than other size categories (2/5; fig. 4A ).
Although the exact rate of increase in the indelassociated substitutions needs to be further examined, our results suggest that the strong association between indels and their local nucleotide substitution rates in eukaryotes and prokaryotes. Viewing indels as local mutators has unique advantages. Indel themselves are common and random mutations but are more sensitive to natural selection than nucleotide substitutions are. Consequently, they could promote rapid evolution in the regions that tolerate these changes. On the other hand, the conserved regions continue to be conserved with low rate of nucleotide substitutions. This mechanism could greatly influence bacterial genome evolution.
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